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The Estimation of Biological Populations 1,2

By Douglas G. Chapman

University of ashington

Summfry. A number of statistical models, underlying the nethods used in

the estimation of the sizes and other parameters of animal populations,

are set up. The relevant estimation equations are given, with their vari-

ances and covariances. For the most part the theory is designed for .. arge

populations. In setting up the models, consideration has been given -vo

the desideratum of having them confoxm as closely as possible to the

actual practices of animal sampling. To what extent the models do agree

with reality is one of the many open questions which are noted in this

paper.

1. Introduction. The use of sampling methods in the enumeration of popu-

lations has become widely known and widely accepted only within the

past generation. Yet it is easily perceived that total enueratio

methods fail for all but the simplest of populations. Particularly is

this true of biological populations which may be mobile in space,

transient in time and difficult of access. The changes in space (immi-

gration and emigration) and in time (recruitment and mortality) must

often be evaluated to determine the total population size and in any

case these changes are usually of interest in their own right.

-Presented as a special invited address at the Joint meeting of the
Institute of ZMatheimatical Statistics and the Biometric Society (WNA.)
at Stanford, California, Jume 19, 1953.

2 Work done under the sponsorship of the Office of Naval Research.
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In this survey, only those ;:ethods are considered for which it is

possible to set up a zeasonable statistical model and for which it

possible to assess the sampling errors. Attention is Ii: ited to jue hods

that lead to absolute rather than relative estimates. Little work ,-as

been done to set up statistical models, as a basis of relative esti--

Lates, though for an important exception, attention is called to a

paper of Neyman [22]. To give unity to this survey, only those ethods

that have been used in the study of macroscopic mobile poplations are

discussed.

Fixed sample methods have been used for the most part in the enu-

meration of other biological populations. However, even the enumeration

of sessile populations can give rise to new statistical problems;

man of these are noted in an important study of statistical problems

in ecology, that recently has been initiated by SkeiJ.ia [28]. A further

reference in this field is to a paper by Hoel [131.

2. Tag-aznd-samole estimates: direct ranoi samling. When the population

structure is undefined and unknown, it is not possible to select a

fixed sample, as is the case say in ecology or in sampling human popu-

lations. The idea of using an associated variable of known distribu-

tion to build up a sample count into a total population was first

proposed by Laplace [17]. He suggested determining the population of

France from the known number of births in all parishes and from the

fact that the ratio of births to total population could be determined

for some parishes.

Petersen [23], a Danish biologist, first deveiloped the procedure

of :arking fish to assist in studying taeir movements, migration, etc.



He later came to realize that the marked fish could play the same r,'.e

for his populations as the births did for Laplace-though evidently 40o

was unaware of Laplace's work.

When a :mathe :itical maodel is set up to formalize this intuitiv

approach, it is usual to assume random sampling [i.e., sampling such

that the properties "being taggedw and "being sampled" are independent].

It is much easier to tke tids assumption than to verify it. It is

also standard to assume that the numbers tagged and the numbers sari -led

are par&aeters at the disposal of the experirmenter.

A completely adequate model must take into account the birth rate

with possible lag effects, a changing death rate, as well as emigration

and immigration over the period, during which repeated tagging and

sampling take place. It is apparent that tie nuaber of unknown para-

meters is large and that such a model must be indeed complex. Some

simplifying assumptions are desirable.

The following model is not the most general possible; it does,

however, cover many of the situations that have been studied and it

leads to simple estimation procedures. It applies specifically to

large populations and it is further assumed that either there are no

recruits to the population (through birth or immigration) or that new

recruits are distinguishable and may be eliminated from the samples.

Model I

N total population size at time zero
Unknown P probability that an animal alive at time tparameters survives and remains in the population at

time t ii
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number of animals tagged at the I t taggi
taking place at time aj (i l,2,3...m)Known 

tparameters n number of animals sampled in the j samp-e

taken at time b(j (=l,2,3...r)

x_ number of animals originally tagged at th
J.J ith tagging and recovered in the jth stmp'.e

"i4 = number of animals originally tagged at th ,
Random i t h tagging available for recovery at the
variables time of the jth sample

N - population size at the time of the j th sanple

f(i) - the smallest value of J such that animals
tagged at the ith tagging have a positive
probability of being recovered in the jth
sample

The event of survival is assumed to be independent from animal to
animal. For large N0 it may be assumed that given CiJ 3 N , (which are

not observable r.v.) xj has a conditional Poisson distribution wit

expectation (n Iij ) N 1- I . It then follows that, for large N, X.

has approximately a Poisson distribution with
in i -ai

(1) £j~ l) =-
ij NO

More precisely this holds as a limiting result as N -) oD in such a0

way that ntis finite ( >0) but t (_B_)k4* 0 for k > 1. The result

is obtained by working with the conditional m.g.f. in a standard mw:ner.

With this approximation it is straightforward to set up the ma:a-.-

mum likelihood equations for N and P, viz.0



a rT- i  ti r

(2) A i.lJ i j-
0

where the dot subscripts denote the conventional sum~ation notation.

Equation (3) is a polynomial in P that can be solved by the usual

methods.

The inverse of the asymptotic variance-covariance matrix of N and

P is

t i n  -(ai- 1)
i~.j~) £lz a~~

0 0

a r _(ai+l)m r 2 ~ - ( a-+ 2

It is convenient to display the parameters (t., nj) and the ob-

servations (xij) of such a census in a triangular array-the so-cal.ed

'trellis diagram' used by Dowdeswell, Fisher and Ford [10] but much

more thoroughly studied by Leslie and Chitty [19] and by Leslie [18].

i4odel I departs primarily from that proposed by Leslie and Chitty in

ignoring multiple recaptures. Leslie and Chitty show this represents

a loss of inforniation; for large N0, however, the expected number of

multiple recaptures is very small. In fact if this is not sop it



suggests that the stochastic variation of t and N may no longez be

negligible. Moreover the multiple recaptures are often those mort

suspect from the point of view of randomness of the sample.

Leslie and Chitty, in common with other investigators, assumec

that .ortality and emigration are strictly deterministic. Thus they

are able to write down the expected values of the various classes cf

tag recoveries as polynomials in P, and to assume a :uultinoaial distri-

bution for these tag recoveries. The maximua likelihood equations can

then be formulated, though the solution of the equations can, in general,

be accomplished only by iterative methods. They have studied a large

number of problems in this manner and reference should be made to their

papers for models appropriate to situations not considered here. A

model based on the Poisson distribution can also be set up for most of

these situations, which will be valid for large N., even though space

and time variations are stochastic variables, and which will often lead

to simpler estimation equations. A complete treatment, considering

this stochastic variation, has not been given for the case of small or

moderate sized populations.

The formulae given above easily specialize to Jackson's *negative"

census [u.], (one in whtch several taggings are followed by a single

sample, at which time only, are tag recoveries noted). Bailey [1

has given the maximum likelihood estimates and their asymptotic variance-

covariance .atrices for Jackson's various census schemes assuming deter-

ministic birth and death rates. Jackson also set up a "Positive" census

scheme, which he used to estimate the rate of recruitment.
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By defining a paraaeter B, as the orobability that an individtal

alive at time t adds a new incilvidual to the population by time Pt 1,

and assuming that thi.s event is independent of the event of survival,

the aodel outlined above may be extended and the restrictions of no

recruitment may be removed. The ij still have a Poisson distribution,

to the same approximation as before and the maximum likelihood equa-

tions for No, P and B are easily written down. The two equations in-

volving and B are polynomials jointly in P and B. However, it seems

hardly realistic to assume that the recruitment rate is proportional to

the population size or that it is independent of survival. Another

approach is noted later.

Another specialization of formulae (1) to (4) is to put P = 1,

i.e. assume mortality can be neglected. This situation is familiar to

fishery biologists as a Schnabel type census named for the person who

published a mathematical theory of estimates based on such a multiple

census [27J. More precisely, as noted by the author in L6], for large

N ,
0 i~l =i) tin,

(6) N = "
0 x +I

is approximately lnbiased with standard deviation given by

o  Nr

(7) 0. o-0 i=l J _ _

0 = 1 i~J=fi) ii

Also confidence limits for the Poisson parameter will yield con-

fidence limits for N in this case-see e.g. [4].0
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In the usual Schnabel census tagging is carried on simultaneously

ith the sampling process. More precisely after each sample is exrnd.?ned,

the untagged individuals are tagged and then all are returned to tl e

population. If this is strictly followed

i-I
t=n -= nij ,1=1

and hence the t are randon variables. For large Ie, the random varia-

tion of the t i may be neglected. In fact it has usually been disre-

,arded in any case.

It is apparent that there Wa have to be some restriction on m

and r to make the results given above meaningful. In particular if

m = r = 1, no estimation of the parameters N and P is ?ossible-but0

estimation of N0 is possible if ai = 0. This in the simple Petersen

situation,--a single tagging followed by a single sample. The fornulae

in tnis case are seen not to depend, for large Nos on mortality assump-

tions. While the variance of N ( +l)(t the almost unbiased

estimate of No, which is given by

2 2 N t-0N(8) Y NO  n

0

is a function of P, the survival factor, for most practical purposes

this ay be disregarded.

3. Tag-and-sample methods: inverse saup!ing. A modification of the

sampling procedure outlined above has been developed by Bailey [11,

Goocldan [12] and the author [6]. If the number of tags to be recovered,

rather than the sample size, is predetermined, estimates are obtained



which are Sa..lewl.itt simpler and slightly -oi-e efficiont. The most nte7--

asting of these results is that due to loodiuan, who considered a

..ultiple sample ty,)e of ersus for a situatioa where there is no rrcruit-

ment and P=l (zuch a Fopulation will hereafter be referred to asj closed).

His procecaure it seequentia.. in that the decision to stop saaplin ; -.s a

consequence of the observations.

Model II

Unknowr N0 -= rotulation size
parameter 1.

( i the predetermined sequence of samples

Ti = the number of tagged individuals in th3 popu-

lation at the tide the ith sample is taken

Known (Ti cumulative total is to be distinguished fram

para&eters ti, the nuaber of tags out out in the it
±~agf,,ing. (ir = Is 2,"

x the predetermined number of tagged members to
te recovered before the samoilng 3xperimest
--tops

( r the number or samples taken before the x
tagged individuals are recovered

Random )
variables r

Sampling is assumed to be random with respect to tagged and urtagged

individuals. Then for large N
0

Pr (r samples are required to obtain x tagg;ed mebers)

- t Pr jx-j tags are recovered in first r-l samples]
J=l

_Pr tags are recovered in the rth sample 7

t



r - 1r .
-- ej='- (x-j) :

w-here we have uritten f I for -
No

Aaking the change of variable

ru A = 2 2A

u'2 LA
i=1

-U

(1.' :P" (a < v < b) - )juX (r--1) 4 t-o(Au)

Let - u in such a way tat A 3 while >0.

Uz-1rg DWiamel's larmna it can be snovn that

b u
/a - x-1

(1-1) lir F (a - u . b) e e u du
N -- OD21-(z) a0

r a T
i.,3, u= 2 has a 1lting -, distribution with 2x de-reen

of freed,n.

It folows thAt the (asymptotic) mtniuu -ariance uniased estLmate

of ' is0
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r
"-- r2T N2

(12: 1=1 and - .- N
0 1 0 X

The proof givon ab%:,re differs Crom that of Goodman.: he consid ,rrd

the Schn;,fel tyje of census where tagging and sampling are performed

in The e operation, i.e. all untagged individuals are tagged before

the sampx. is re- urned to the population. What he showed, namely

n22that l- has, asymptotically, a Y2 distribution with 2x d.f., is

ecuivalent to the above result. In this case it is siarpie to find -.he

average .;imple size, i.e. 8(n), (for large No). For these results

and othe:7 exrct sample results reference is made to Gocdman's paper

cited, [L2].

The simplicity of u- may ma~ke it particularly useful in desigm-
No

ing the s-aple ceasus. Up to the moment, however, the several irve::ss

s&aling scheme roposed, have not been tried out. How to choore the

sequence -nij in an optimum manner remains an open question. Nor has

any attenpt leer m&de to set up a theory of inver3e samplir for other

than clo 3 d populations.

4. Tag-and- a e estimates: regrelsio. 2psroach. The a:.:,sumptions under-

lying Model I may fail for a variety of reasons-izmpers'ect sampling,

clusterin- of the populatLons, variation over the populations and over

ti.ie, of the .aortaiity (or emigration) rate, etc. In vi3w of the c',n-

siderable superimposed variability that may thus exist, in addition to

strictly multinol2&l (or Poisson) variation, it is pertinent to ask

whether 1 Linear regression xodel might not be more aparopriate.
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Model III. The same notation as iAodel I is needed. However, the

restriction that there be no recruitment may be removed. Hence it is

more reasonable to regard Nl' N 2' " Nr as unknown Arameters to be

estimated. Furthermore the definition of P can be extended as follows:

P - the arage probability that an individual alive at time t

survives and remains within the population to tiae tv 1.

If the sampling is such that

It follo that b ai
(Uz) e( ).

The regression approach might be based upon the assumption that

(15) t, [1n = (ai-b,)  ln 1 - n N1

and that In (x i +1) has a constant variance (approximately).

The factor (x ij 1) is suggested by the fact that the reciprocal

of a binomial or Poisson r.v. plus one is an (almost) unbiased estitate

of the reciprocal of the parameter. Moreover such a device avoids the

difficulties of occasional zeros-care must be exercised if the zeros

are numerous or in sequence, for the assumption above may then be

clearly invalid. The logarithmic transformation is suggested by the

product nature of equation (14). However, it is also trae that the

variance of the logaritm of a variable that is distributed according

to the Poisson law is constant up to terms of order -1. Furthermore,
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the logarithaic transformation has been extensively used in analysi ng

data obtained from pelagic hauls or catches (cf. e.g. Windsor and

Clark [30]).

Best linear unbiased estimates of in P and in N are found by the

least squares method (under these assumptions). From these, estimates

of P and N are obtainable which have optimum asymptotic properties

though not necessarily opti:num small ample properties. Interval

estiuAetes may also be obtained by postulating approximate normality

of the in (xij 1). Such interval estimates .ay be much more realistic

than those based on Model I, if there is in fact superimposed variabil-

ity due to the causes indicated or to other causes.

Model II represents in a sense an omnibus model. It has the ad-

vantage that an estimate of the extraneous variation can be made from

the observations. On the other hand, it is imprecise and heuristic

rather than rigorous. If the heterogeneities noted can be carefully

assayed, if not. controlled, it may be possible to set up a model wbich

has this advantage and is at the same time more exact.

This type of approach would give some flexibility to the assump-

tions underlying Jackson's positive census (where a single tagging is

followed by a sequence of samples) or more generally to the "trellis

diagram' census scheme where recruitment is to be taken into account

by a single parameter. Redefining B as the average probability that an

individual within the population at time t adds a new recruit to the

population at time tt-l, similar assumptions as those above lead to

tin Pl(1.6) E = ,) ,

N 0(?.#-B) b
0oP+'~~

*,



r~ence ;-rJ.:u teE -I ., 2 ,--. . c,:-ul be df-.ved f 'xro. - .east s -.- "er

L'OtiniatE3 of In P In (P# B) and iz N frcr. the eqUt:.oI:0

(17) i (n x 1 = (3. .-bj) hi F t-n N N-rbj : n (:'. 4D)

5. Dichotoy metiodp.. A method of estimatinj; 1 opuiatLon size, i'"at W8

been used in wildlife research, and which may !) uiefiA in ouier

fields is based on the change of sex retio caused by r. selective kill.

The sex ratio is d]etermined before and after th n kill b3 :Lamiing

methods. Several references o ficld a-,licati:-ns of the net'.od !ie

listed by Scattergood --5] in a gezeral survey if ,ethods of aofuh -

tion estimation.

The estimation procedire -ay be bf.sed upon any dichotomy within

the pop uation, or even on external [actors: ail that is reqiLred ip

a sampling process followed by a selective removal of individ"als fronm

the populatfon, and subsequently a further sampiing prccess. Cloed

po,)ulations only vill be considered.

Mode. IV

(N. = population .t tiv"e ti (i-': l, 2)

Unknovrt fate up of two claE Ee[i X andY
param"et~ers

XiY size of cLases XY t tiTI:!S tI

Know ( ni  s;Lze of rancom samplas "ak,:r at tje ti

ptrameters r =-1,-X ; ry--Y -Y , ri;rot-r

SX1i = mznber cf elements of class X in simple ni
Fjndom <( •i, )

riabiesY -naber of elements of class Y' in ample n
L °
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V. '21 !L.) xn2 \\X

Sinif, it I~s assrrrled tha t I N-,. are expressible in terus of X- and

N 1 ad known pv anweter.s, -%-tiiates :.1' and N, are ea5L3.y found. The

Dmt estimat(

(20) Nl -_%

are a-sc ziaximi= iikelihooc cs~tLmatc-s.

Formnulas f:)r t~nasvr &+.1coe.ac-or.ne miatrix aire as

fol '.OvJs:

(21)

I Iy N N y N 2y1 21 1 2 2

(21X

_ 1  2 2 _t

2! n 2  "1
N 2

N1  (P. -p )

X 
1 2

where P 1..:i 2).
i N1

Thoesf forvalee ms: be uEOCd to Ottena3.ne the optimum theo-etLa1

a11.ication of Mmtunlng NA:teen the t~ofore and ater samples. '! t i.E
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also interesting to use them to compare the effort required for thi 3

type of census with that required for tag sampl.e methods. A numeri ial

study shows that the tag sample method has the advantage-assuming

that the tags are sampled by the removal process. However, the eva'.u-

ation is incomplete without some means of deterining the relative

costs of sampling and Uagging. Moreover it is reasonable to suppos3

that the cssumptionms underlying the dichotomy method are more likelr

to be fulfilled than in the tag-sample method-questions of tag morial-

ity and differential recapture rates do not arise.

In some situations it may be possible to sample two populations,

e.g. a sport fish and a scrap fish. The sports fishery then serves

as the selective removal factor in a very favorable situation since ry yl
will be zero. In this came X is the parameter tht it is of interest

to estimate.

The method may also be applied where the removal is done by th.3

sampler. In this case it is more realistic to assume a succession )f

samples are taken. Again it is straightforward to set up the model for

this situation and to derive the max.mum likelihood equations for I and

N. This naturally suggests a eacuental estimation procedure where the

decisior to stop is determined by the sample results.

If there is dilution or elimination, the procedure is obviously

vitiated. As yet no work has been done to extend the method to esti-

mate these factors.\ Estimates of mortality for example might be baued

on a trichotomy or on an intermediate sampling during the removal

process. The several sample scheme (sequential or not) would lend :Lt-

self to this more complicated situation.

• 4
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r, °h otion of effort. That the nount of effort e-
pended in obtaining a given sample of a population is proportional to

the population denty has long been the basis of relative population

estimates. Leslie and Davis [20] and independently DeLury [7 showed

how absolute estimates could be determined from this information, when

the successive saples are removed from the population-as for example

occurs in the catch of a fishery. Except for this catch, the popula-

tion is assumed closed. A model similar to DeLury's is as follovs:

I4odel V

N =itial population size
Unknown 

0

parameters k = average probability that an individual is
captured by one unit of effort in any time
interval

Known K t = total catch up to but not including theparameter tth interval

Random (C = catch per unit of effort during the tth

variable t interval
(t=l, 2, *.. m)

If the units of effort are independent it follows that

E(c ) = k(1o -Kt)

2
With the further assumption that qCT is approximately constant (which

is reasonable for large No unless the cumulative catch represents a

large sepent of the population by the end of the experiment). least

squares estimates of k and A my be found. In particular
0

~2

(23) o 0 W t,, + K

-, t (IjVal :[

I.J
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If te further assmption of approximate normality of the Ct is

made, confidence intervals for N are

(24) 2i4 ( i 2 1

where Y1 r2 are the roots of the equation,

(25) 2(~ Ct (Kt) q Z K A t[( )~c K)

-q2) (1[j (t)2) 2 =

where q =t (a-2)- S C and S6 is the estimated error variance
t t

of Ct -

The confidence intervals are obtained by the Fieller technique [29],

and hence there is a non-sero probability that the method will give

interval estimates of the form (0, oo) or (0, N1)(N 2 co). Also it

should 6e observed that the model is essentially a conditional one,

i.e. conditional upon the values KIK2...[

DeLury has also considered the ?ossibility of weighting the least

squares estimates, though he suggests that such a procedure may be

meaningless if the sampling is not random. This is very likely the

case in utilizing commercial or sports catch record or in sampling

schooling populations for example. For a further discussion of these

points and of the method in general reference is made to [7] and [8.

For the case where the effort is constant, Moran [21) has set down

a model based on the assumption of random sampling. The model may

easily be extended to the case where the effort varies fr-m period to



'.oriod. A soeirhat more interesting extension is based cn a corno.ir. -

tion of tag En(, -rmple and catch per unit of effort ,..thods. The c *

of a close! )oJ!-rtion is sti Iconsidered.

Model VI

N oinitial popuLtior, sizeUnknown 0
pera. ieters A pro1ibiity that a unit of effort captures

one mv-,tzr of the population

Ki  cuiiulative nirmber re.ioved from population

up to but not including the ith sample

e i  num:ber of u~its of effort expended on theKnown t h sa:e
parameters t saxple

/j the nc : er of ta ,ed inuivicuals re.mining
in the population at the tL.e the iU' sample
is taken

th
ni  size *;f the I t h sa~ape :r o~tth, which is

±o then removed frozn the populationR landom

variables x number of tag,,ed individuals in the ith

stmple
(i--i, 2 ... r)

It is assumed that ni has a Poisson distribution and given ni)xi

also has a Poisson distribution. With the usual proviso that the units

of effort are independent

(26) F(n) k(N -Ki) ei

(27) and In) ==--
N-K1

Hence
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Hence

Pr (r,n 2 ,...n; ilX 2 ,...x)

niti
(28) F-N-yj A.]nvL i -n

n xi.

The maximum likelihood equations for k and N0 are

A

(29) = 1

= (N-K i)

r r

(30 2t rr-Z

(Nm,

i-i (A) i~i NK 1  ~ei(N-KI)

The inverse of the variance-covariance matrix of k and N0 , ex-

pressed in terns of the K is:
i

rj

K -9

i-li i lt o i

7. Further Problems. Each of the models set up and others that have been

considered involves one or more assumptions which it is difficult or

impossible to verify directly. For example underlying the tag-and-

sample models there is the assumption that tagged members of the popu-

lation behave similarly to the untagged mei,bers, at least in respect to

recapture. A primary assumption of the methods based on effort is that

catchability is constant.
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Some empirical studies have been aade to verify the estimates of

population by sampling methods. In some experiments conducted on

fresh-water lakes the whole population has been poisoned out (a pro-

cedure that can hardly be recommended as an enumeration procedure

except where the elimination of the existent populations has been the

primary aim). The agreement has been satisfactory for some species but

not for all-for example cf. Carlander [3]. It should be reaued that

sampling iethods have often been necessary in connection with the esti-

mates determined from the dead recoveries.

Such methods of verification have at best limited application. It

is necessary to design sampling experiment specifically for this purpose.

In this connection it is suggested that combinations of the various

methods outlined may be useful. This has been proposed by DeLury, [9.]t

his discussion of the underlying asamptions of sample census methods

is particularly pertinent.

Such combinations, of which Model VI is an exaple, may also yield

more information than the application of a single method. Of course if

the sampling is being done by a succession of commercial catches,

Model VI is the appropriate one rather than Hodel I-though the hetero-

geneities introduced by such comAercial catch sampling may sugest a

regression model, i.e. an extension of Model III.

In Model I the numbers tagged and sampled were regarded as para-

meters; in actual fact they may also be random variables. For example

if the sampling is done by a coamercial catch, the proportion of the

catch from the population to be estimated my be determined only by

sampling experiments. This situation complicates the interval estimates
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and while a crude determination of a confidence interval for N is
0

possible by a sequence ?rocedure, this patently wastes inforaation. The

several variations of this situation that may arise sug est the necessity

of a study of confidence intervals in connection with compound distribu-

tions.

Referring again to Aiodel I, it may be recognized from the outset

that heterogeneity exists within the sampling procedure. If it is pos-

sible to subdivide the tagging and sampling into periods (by tine or

area for exaaple), within each of which random sampling W be assumed

then it is possible to obtain consistent estimates, though the interval

estimation problem in unsolved. This situation was first considered by

Schaeffer E26).

An obvious extension of Model V is to assume that the probability

of capture, rather than being constant over the population, is itself a

randan variable. The distribution of the probability of capture may per-

haps be related to the expected catch in any tine interval. Additional

information is available if different methods of capture are being used

simultaneouly-in fact in this case the restriction that the population

is closed may be relaxed and an estimation procedure set up for the pop-

ulation size at each time interval.,

As has been inferred, the interval estimation problem remains un-

solved for many of the models, except for the large sample results.

Correspondingly, the sample theory of tests in connection with such

models has been given almost no attention. Some simple applications of

the \1£ test have been given by Leslie [18] and by the author [5). As

more intricate experiments are designed and more careful control plans
?/I
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undertaken it will be necessary to consider tests for recruitment and

mortality rates, for example.

The complexities of estimating the birth, death, emigration and

imaigration rates indicate that it will be necessary to set up special

experiments to adequately determine these factors. Some of the experi-

ments set up by Jackson [151 where marking and recovery were carried

on in a series of adjacent areas were designed for this purpose. handoi

walk theory has been applied in one special situation by Gilmour, Water-

house and McIntyre C1]. The study of birth and death processes, and

of processes associated with random as well as miinatory ovenent, is

necessarily associated with the population estimation problem and the

latter will be completely solved only when the problems associated with

these stochastic processes are resolved.

Mo

V

- .
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